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SUMMARY 

Ion - polar -molecule collisions have been studied by numerically integrating their * 

approximate equations of motion on a digital computer. In this report we present a 
IV program to do this integration (using conservation of energy as a step-size 

control) and to give results in the form of collision statistics, microfilm plots, and mo- 
tion pictures of trajectories. 
the form of the input and output, the functions of the main program and subroutines, the 

cluded are the description of the ion-molecule system, 

N structure, a sample case, and the complete FORT 

em Backgroun 

The ion-molecule system has been studied extensively (refs. 1 to 3). By the use of 
a simple model, the Lagrangian can be obtained and the equations of motion derived (see 
ref. 4). Numerical integration with the aid of a computer gives instantaneous coordina- 
tes and velocities. The polar molecule can ?'look likesv either a rod o r  a symmetric 
top. When the molecule is represented as a symmetric top, the laboratory coordinate 
system is as shown in figure 1.  

The model potential energy has two terms,  a permanent dipole contribution and an 
induced charge contribution. The agrangian for  a symmetric-top molecule two scaled 
units long is written as 

L w (ye ~ + - (-X sin t; sin 7 + Y sin 5 cos 7 + Z cos 5 )  + - 
r 3 zr4 



where 

T 

v 
m 

e 

r 

CI! 

model kinetic energy 

model potential energy 

reduced mass,  M1M2/(M1 + Mz) 

Cartesian coordinates of ion (see fig. I) 

Cartesian velocity components of ion 

angular coordinates of dipole (see fig. I) 

angular velocity components of dipole 

moments of inertia (principal and about symmetry axis) respectively) 

dipole moment of molecule 

electronic charge 

ion-molecule separation 

electronic polarizability of molecule 

CD-9624 

Figure 1. - Coordinate system fo r  ion - polar-molecule pair. 
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From this Lagrangian are derived 12 first -order coupled differential equations 
which must be integrated. These are the equations of motion. 

..a -vx=-  - - . (-r2 sin i sin 17 - 3XFY) - - 2cre2x 
6 m r  5 m r  

Y a. = 9 = (r 2 sin 5 cos q - 3YFv) - ~ 2ae2y 
6 m r  Y 5 m r  

m r  

.. . 
m r  

with Fv = (-X sin 5 sin 17 + Y sin 5 cos 1) + IE cos 5 ) .  

IC = vx 

+ E l f  
Y 

z = vz 

(3) 

2 w 5 = cb5 = 5 sin 5 cos E - - ( Z  sin 5 - .I) 

cos 5 sin 17 + Y cos 5 cos 17) 
3 

HIr 

- I2 - (~ sin 5 + f i  2 sin 5 COS E )  (a) 
I1 
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q f wIc/ 

theoretical check was made on the accuracy of integration: The instantaneous 
energy was compared at every time step to the initial energy, and the next time step was 
calculated based on this comparison. For this reason (a predictor-corrector check not 
required), a variable-order Runge-Kutta method was chosen (refs. 5 to 7) using fourth 
or  fifth order for most problems. etails of choosing the (variable) time step for inte- 
gration appear in appendix B of reference 8.  Essentially, the step size is inversely pro- 
portional to the relative difference between current total energy and initial total energy. 
This has proved to be much more efficient than simple step modification, for example, 
halving or doubling. 

Two important details of the numerical model are 
(1) The term sin(t) in the denominator of equation (8) goes to zero as the dipole 

lines up with the Z-axis, introducing a singularity into the equations of motion. This 
difficulty is handled by using two spherical (Euler when the dipole is a top, that is, q # 0) 
coordinate systems for the dipole, an "unprimed" system and a '*primedP9 system 
(ref. 1). The unprimed system (fig. ) is used whenever the sin([) term is greater than 
some chosen limit (the dipole is outside of some chosen polar cap). The primed system 
is used and the appropriate equations of motion a r e  integrated whenever the dipole is 
within this cap. 

potential Vr-r - = m9 or  a Lennard-Jones potential V - r 
collision distance (called CD in the program). 

(2) The program provides an option of two collision potential terms: a hard-sphere 
-12 

e Here rc is a chosen 
C 

P 

Two kinds of studies can be made with this program: collect on of statistics and de- 
tailed study of individual trajectories. For a collection of statistics, a large number of 
initial conditions must be generated ''randomly. * *  
counts PPcaptures; p p  by definition, the polar molecule captures the ion whenever the ion 

ong other outputs, the program 
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hin a certain prescribed distance from the molecule. ion may be captured 
many times during the course of one trajectory; or it may be repulsed, never captured. 
The mpture cross sections for  various inputs can then be estimated (ref. 8). The pro- 
cedure is to  integrate many sets of initial conditions for each of a number of values for 
the impact parameter b. Some fraction CR(b) of the number of sets for each b will be 
capture collisions. Then the capture collision cross section uC is 

where this integral is approximated numerically by using the calculated (b, C 
ere the details of each trajectory are not important. 

individual case is stored and plotted (refs. 9 and 10). Plots of relative translational mo- 
tion, rotational energy, and angles against the ion-dipole separation r, show the tra- 
jectory at a glance. Motion pictures of the system during its interaction provide a nat- 
ural  view of the collision (in the center-of -mass system). ( lots and motion pictures 
were made on a Control Data Corporation Model 280 microfilm recorder; the arithmetic 
was done in double precision on an IBM ?040/7094 DCS.) The program presented herein 
is applicable for statistics, plots, and motion pictures. 

For a detailed study of individual trajectories, the entire history of variables in an 

The input to the main program is of two types. First, there is the general input for 
a group of initial Conditions. For convenience, this input is read in by means of 

cludes these quantities: 

reduced mass of system, scaled units 

moment of inerti 

pe, scaled units 

ae2/2, scaled units 

initial separation, scaled to  angstroms; placed in 

order of M g e -  

total relative e r r o r  in energy to be tolerated 

a integration, usually fourth o r  fifth 
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HR maximum step-size increase factor 

ER maximum local e r ro r  ratio to be tolerated 

HI initial step, scaled time 

GE sin([), defines polar "cap, causes coordinate switch 

CTDI 

CTD 

GICAL switch, .TRUE. if collision-time distance is input 

collision-time distance - the separation from which measurement of collision 
lifetime is started. (If not input, the program calculates 

where aL is the Langevin cross section. ) Another criterion sometimes 
used (but not in the program as listed) is to start measuring collision time 
when interaction is "felt, '' that is, when the dipole rotational energy 
changes by 10 percent from its initial energy. The collision lifetime is the 
elapsed time the pair spends within this distance. 

CD collision distance (Every time the pair gets within this separation they col- 
lide, and a capture is counted. ) 

XCAP maximum captures allowed for each trajectory 

boundary for Lennard-Jones polarization potential 

HTS 

m 
minimum step to be tolerated, scaled time 

is zero for rod cases 

control a r ray  calling for still plot 

program stores and plots every I 

CAL switch: if . TRUE. , truncates trajectories at 1000 points; if 
E. , uses disk storage 

Second, there is the set of initial coordinates Q and two labels, read in by 
P4F5.3, 1P6E ) is not read in here, but is set to  RP. 
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Output 

For each case, the main program prints out the initial conditions, the final condi- 
tions, initial and final energies, impact parameter b, the initial velocity collision time 
and distance, various computing times, and the statistics of the step-size history (see 
also the section Sample Case). Units and scaling of the variables are given in table I. 

TABLE I. - UNITS AND SCALE FACTORS FOR VARUBLES 

IN MAIN PROGRAM 
~ 

Variable name Input units 

36 
24 (e su - cm)x 10 

esu 2 -cm 3 )x10 40 

s e ~ 1 ~ 1 4  
b 
b 
b 

s e ~ ~ ~ 1 4  
b 

rad 

rad 

output units 

gx;020 
36 (g-cm ) ~ 1 0  
24 (esu- cm)xlO 

esu -cm ) ~ 1 0  2 3 40 

s e ~ 1 ~ 1 4  
b 
ii 
b 

s e ~ 1 ~ 1 4  
cm 
rad 

I 
cm/sec 
rad/sec 

rad 
cm/sec 

cm 
8 ergxlO 

ergx1o8 
sec 
sec 
sec 
cm 
sec 
sec 
rad 

Jnits inside program 

,;020 
36 
24 

(g-cm )x10 
(esu -cm)xlO 

(esu2-cm3)~1~40 
s e ~ 1 ~ 1 4  

A 
ii 
ii 

s e ~ ~ ~ 1 4  
ii 

rad 

rad 
cm/sec 

cm 
ergx1o8 

8 e r g 1 0  

sec 
sec 
cm 
sec 
sec 
rad 

s e ~ 1 ~ 1 4  
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The main program reads the input, sets up the casep monitors the integration, and 

d logic flow for this pro- 
prints the output. With only slight exceptions, it is the only routine which calls other 
routines; the call structure is very simple. The arithmetic 
gram a r e  diagrammed in figure 2. 

The important switches local to this program a r e  as follows: 

set to 2 if a capture occurs, otherwise set to 1 

set  to 1 if C H , signifying a Eenn -Jones potential (r-l2) term is to 
be included for this case; set to 3 if 

CT keeps track of capture status 

Skip to 

cusp switch, 

7%) Cartesian 

6 
(a) Setting up for a case. 

Figure 2. - M a i n  program logic. 
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Calculate er- 

TRUE 

7 

distance to 
CUSD (if used) 

+Capture 

RS = 2 

jR;-k/ (T) 
Cartesian 

(b) Integration loop. 

Figure 2. - Continued. 
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(c) Output for a case. 

Figure 2. - Concluded. 

initially CDISWI; then keeps track, if necessary, of nearness to 
Jones distance CD 

REPE .TRUE. if bad step, . FA 

In addition to the main program several subroutines a r e  required. 
routines a re  summarized in table 

se o N 

The following C Pa areas are used in this program: 
1, 



TABLE II. - SUBROUTINE SUMMARY 

Subroutine name 
(Entry) 

JACK 

ENERGY 

RK 

SETRK 

PTUP 

UPTP 

SCT 

DARC 

%DS 

DDR 

DDP 

HEAD or HEADM 

DOTS 

BLANK, TEST 

PLTDUM 

Purpose 

Evaluates the equations of motion at time t 

Calculates various energy terms at time t 

[ntegrates from t to t + h, using 
variable-order, variable h Runge- 
Kutta method 

Defines the Runge-Kutta coefficients for 
the current order 

rransforms dipole coordinates from 
primed to unprimed 

rransforms dipole coordinates from 
unprimed to primed 

Transforms ion coordinates from spher- 
ical to Cartesian 

1 Calculates a double precision cos- 

Makes plots; initializes 

Stores points; entry in DDS 

Plots points; entry in DDS 

Makes headings 

Draws dotted circles (for motion pic- 
tures) 

Makes leaders (for motion pictures) 

Contains dummy entries for the purpose 
of this report (Entries a re  explained 
in comments cards, see section Pro- 
gram Listings. ) 

Called by- 

RK 

Main 

Main 

Main 

Main 

Main 

Main 

Main 

Main 

Main 

Main 

DDP 

DDP 

Main DDP 

Calls on- 

JACK 

HEAD; DOTS; BLANK, TEST 

“Two decks with same name; one used for plots, the other for motion pictures. 



are 

m 
v2 

S 

R 

T 

rn 
2 

Q(W 
CLR 

RUN( 3) 

PLOT(5) 

CUTPLT 

N area appears in the main program, and in ; the variables 

rotational energy 

velocity squared 

sin(<) 

ion -dipole separation 

time 

rotational energy scale factor 

plot labels 

coordinate vector 

plot label switch 

plot label, BCD 

plot selector array 

plot truncation switch 

ROC, RM, V, ETRC, EPLC, EPTC, 
L: This COMMON area  appears i 

C2,XC, JCDI, EP,SIG, 
main program and in JACK 

and ENERGY; the variables are 

I@ 
RM 

v velocity 

ETRC m/2 

EPLC (re2/2 

I-le 

w / m  

2ae2/m 

ennard-Jones potential ( infinite barrier.) 

ennard-Jones interaction potential strength 



characteristic 'Van der 

translational energy 

potential energy 

polarization energy 

where energy, E = E 

iables a re  a fun r n of the Runge- 
appears in the main program and in §ET 

c pn - 1)-1 
(2" - 1)- I n  2 @2 

e4 -n-1 

, HAV, NS , N§ F: This 
; it contains the integration 

parameters 

total relative e r ro r  in energy to be tolerated 

maximum local e r ro r  ratio to be tolerated 

starting time step for this case 

maximum step increase factor 

mum step taken during this integration 

minimum step taken during this integration 

average step taken during this integration 

good step counter during this integration 

bad step counter during this integration 

N area  appears in SET 
tants constructed by SET 
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(6) /PC§C/PC§ appears in the main program and in DDS, JACK, and ENERGY. 

PC§ = 1: not in polar cap, unpsimed 

PC§ = 2 in primed system 

G / U  appears in the main program and in JACK and ENERGY. 

U = .TRUE. : p = 0, Langevin case 

E. : not Langevin 

RCEE/RADIUS, RWEW, N appears in the main program and in DDS and DOTS 
(used for motion pictures only). 

IUS a function of collision distance and of distance fr X-Y motion-picture 
plane; the radius of the dotted molecule o r  ion 
RADIUS and RWEW. ) 

molecule are filmed when they are within two RVIEW of each other. ) 

g. 3 shows the function of 

EW the scanning radius for the motion-picture frame, in angstroms (The ion and 

ON N = .TRUE., a dotted circle will be on the frame. If ON = . FALSE, no 
circle can be drawn. 

Figure 3. - Input card images. 
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The input cards for a sample case a r e  shown in figure 3. Two blank cards *'triggersY 
the reading of the N T and then the RUN array only if  plots a r e  required; two 

-cards follow. This case produces the following output on the listing: 

SON € 

M b S S  = 

ALFEP = 

TOTERR= 

H I  = 

c c  = 

RM = 

PLCT = 

K T  = 

1 E F i C  

C b S €  1 

J . ~ ~ ~ c c c ~ c c o c c c o o c o - c z ,  

~.449CCCCCCCCCCCOO0-02, 

C.SOCSCCCCCCCCOCOCO-03, 

o . 5 c o c c c c c c c c c c c o o o  0 1 ,  

0 . 2 o o c c c o c c c c c c c c c o  c1, 

0. 

1.  

O . ~ ~ ~ C ~ ~ O C C C O ~ C C ~ O U - O I ,  

INP L T 1.571 2.2CF 

C H A ~ G E =  ~.OOO~OOOE-OI.  C T C I  = 

Elb XC b P= 10. C C I  = 

1. I .  1, 

IFLCT = I r  CUTPLT= 

R IHE 1 A  FH I ET P X I  
I N l T l P L  0 ~ . C O D - C ~  1.5710 2.2090 6.0730 1.8230 

C O L C I T I O N S  CLI -5.430 04  2.Cc0 10 -1.H6O 10 -1.920 12 -2.8Hrl 12  

VbLUES 011 3.610 0 4  -2.780 10 -1.910 10 -6.200 1 2  -2.510 1 2  
COCP T I M t  €.e7 NS 352 hSF 6 7  HLV 2.865 hMPX 
CCLLISION T I W E  2 . l i E - 1 2  U I S T b h C E  8.23E-05 RUII TIWF 8.H7 

F IlvbL a i.51O-C7 2.C67l -0.7181 -43.5264 1.5306 

CbSE 2 INPLT 1.571 3.565 C.692 2.480 -4.9640-02 -1.4171-04 

R 1HE l b  FHI  ET b X I  
I N  I1 l b L  6) i.5OO-C7 1.5710 3.9690 0.6920 2.4800 

F l h b L  a i . E l D - C i  C.9857 2.3194 2.1625 0 . 2 3 5 t  
C O L C I T I O N S  CO -4.$6U C4 -1.420 IO -1.940 10 -5.540 1 2  8.660 1 2  

VPLUES CQ 4.CBO 0 4  1.430 C 9  -2.780 10 -3.740 13 5,100 1 2  
COMP T I M E  21.63 hS 753 IISF 2 5 6  HbV 1.248 HMbX 
CGLLlSlGN T l P E  3.5fE-12 DIS lANCE 1.2IE-07 RUL TIME 21.63 

1. 

T .  

- I .  e 5 er- c A - 1.9 I 70- c 2 - 2.9 8 ~ - 0 2  4 . 7 7 1 ~ - 0 7  
5.870 I01 6 

P S  1 
5.emc \I 5 . 5 ~ ~  1-4 9 4 . ~ 9 - w  

4 . 7 2 ~  i z  IE 5.0?n-ot I R E  8.470-07 
Pf.445C E 5.C30-06 R F  3.720-16 C 1 

5.45C 1 2  R b T l P  1.000 T I M E  1 .Q l1-11  
IC.44f W I N  C.C51 C A O T  = 1.9065 
PLOT T l M F  r .  

- 1.5 2 71)-c 4 - 5 . 5  4 11)- c 2  e .  6560-02 I .  7 R on-11 
2.227 101) ?D 

D F I  _. 
2.2270 v 5.000 04 R 3.000-017 

5.350 1 3  PATIO 1.000 T r v e  9.4o11-12 

1 . 2 e E  1 2  I E  9.640-06 I R E  6.23D-Qh 
l . 5 l e 7  € 9. f4O-Ct R F  7.360-06 C 1 

4.614 HHIN 0.C58 CAPT = 2.3051 
P L C T  TIME n. 

ion to this output, motion pictures o r  still plots can be made by including the de- 
sired subroutines. Figure 4 shows a sample motion-picture frame. Figure 5 shows 
sample still plots. 
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Clock 

0 

Dipole 

C S -51925 Figure 4. - Sample motion-picture frame. 
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8 

6 

4 

2 

0 
(a-1) Relative velocity. 

1.50 

1.25 
1.08 
.75 

.50 

.25 
! o [ l I I ( I l  

25 20 15 5 0 
Ion-molecule separation, A 

(a-2) Molecular rotational energy. 

(a) Variations of ion-molecule relative velocity and polar- 
molecule rotational energy du r ing  A r t  + CO single- 
reflection capture col I i s  ion. 

0 

Figure 5. - 

-25 0 25 

X axis 

-25 0 25 

Y axis 

Z axis 

(bl Variation of ion coordinates for NO$+ HCI multiple- 
reflection capture collision. 

Sample st i l l  plots. 
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-1 0 I 

X axis 

v) 

x 
.- 
m o  
x 

-1 0 1 

Z axis 

VI 

X m 
.- 
N 

-1 0 1 

Y axis 

180 

135 

90 

45 

U- 1 

25 20 15 10 5 0 

Ion-molecule separation, A 
0 

(c) Variations of dipole moment vector and ion-dipole orientation angle (between ion-molecule radius vector and negative 

Figure 5. - Continued. 

end of dipole) du r ing  Ar t  + CO multiple-reflection capture coll ision. 
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P 
- a- 
P 

U 

(d-1) Polar angle, 9. 

(d-2) Azimuthal angle, rp; vertical dashed l ine indi- 

(d) Variations of coordinate angles for argon ion relative 
to CO molecule dur ing capture coll ision wi th multiple 
reflections. 

dates passing through Oor &. 

Figure 5. -Concluded. 

The complete program is listed below in Not included a r e  
e microfilm plots, be 

explains these routines in comments cards so that 
e,  statistics were gathered, and even i 

the routines which actual 
dummy deck, 
be substituted 

jectories studied, without plots. 
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G 
C 

c 
c 

C 

c 
t 
t 

c 
I: 
C 
61 

G 

G 
c 
c 
c 

c 
c 

c 

c 
c 
c 
c 
e 
e; 
c 
c 
c 
c 

2 

L f l G I C A L  LS 

a 
2 ERDC oRH9 V~ETRCIEPLC e 

3 
4 
5 
6 

L O G f C A h  OM 
EXTFR’UIAL JACK 
O ~ ~ ~ ~ ~ ~ f l ~  24 128 o 

m 

ED 



C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
c 
C 
C 
C 
C 

C 
C 

C 
C 

C 

C 

1 
C 
C 

C 
c 
2 
C 
C 

ORDER ORDER OF RU!lGE-KU 
O T A L  ERROR T O  B E  
A X ~ ~ U ~  STEP S I Z E  
A X I M U M  ERROR RWT 

H I  I N I T I A L  STEP S I Z E  
CHANGE S I N ( X I ) = C H A Y G E  I N  

CTD C O L L I S I O N  T I M E  D I S T A  
CD R E F L E C T I O N  DISBAN 

CD 1 
H T S  
R M  ENT OF INERT 

CTO I L o G r  ~ A L  V A R ~  ABLE 

F3R ROD CASES RM=OeDOe 
P L O T  P L O T  CONTROL VECTOR, 

DRAWN 
I O N A L  ENERGY 

T A P E  D E L A Y  
NAMELI S T I O N € /   ASS^^^ rMUEpALFE2rR 

~ I I C H A V S E ~ C T D  v C T D ~ C D ~ M A X C ~ P * C D ~ * H  

R E O E F I V E  FlJNCTIONS A S  DOUBLE PRECXSHOM 
S Q R T ( # ) = D S Q R T I X I  
ARCOS( X ) = D A R C O S ( X )  

PRESET GENERAL INPUT ~ U A ~ T ~  
R I  = 2 5 - 0 0  
EPe S IS 
EP=6,88D-6 
SIGz3e 5D0 

L EMNARD-JOY€ S ( C U S P  

ORDER=6 
TOTERR = .001DO 
MAXHR = 4 s D O  
MAXER = 2 e D O  
H I  = 2,DO 
C H A N G E = e 3 0 7  
CD = 1.00 
MAXCAP=LO 
H T S = 1 a E - 6  
R M = O  s D 0 
C T D I = a  FALSE, 
I PLt7T=L 
CUTPLT=eTRUEm 
DO 1 fL=PpMPLTS 
P L O T (  1 P ) = O  

SKIP T3 TOP OF PAGE 

READ 4 CARD 
READ ( 5 ~ 3 2 1  ( Q f I I r  
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C 
C 

C 
C 
C 

C 
C 
3 

C 

C 
C 

C 
C 
C 

C 
C 

C 
C 
C 
C 

C 
C 

THETA ZERO I N D I C A T E S  BLANK SET - NEXT SET IS GENERAL 
I F  ( Q f 2 ) e E Q e O e )  GO TO 3 

OTHERWI SE, COMPUTE ON PERCENTAGFSD [SI (  
CASES -!AWE BEEN RU 
IF ( N C h S E c . E Q e O 1  GO TO 2 
PCCOL=10Oe*FLOAT(MC3L)/FLOAT~NCASE) 
TNCOL= T NCOL +NCOL 
TNCASE=TYCASE+NCASE 

PCCOL=100,  +FLOAT ( T V C O L  1 /FLOAT (TNC 
R I T E  16933) NCOLBNtASEo PCCnLBBMCO 

NCOL=O 
NCASE=I) 
GO TO 2 

READ SENERAL I N P U T  SET AND MRI LL GENERAL I N P U T  V 
READ (58OPdE) 
W R I T E  (6eONE1 

P A S S  R A D I U S  OF CORE TO MOVHE DECKS ( 
R A D I U S  = CD 

COMPUTE CONSTANTS FDR ENERGY AND D I F F E R E N T I A L  E ~ U A T ~ ~ ~  E ~ ~ L U A T ~ O ~  
SUBROU V I NE S 

EPLC = * 5 D O s A L F E 2  
ETRC = e5DO+MASS 

XXC2 = 2 a D O * A L F E 2 / M b S S  

S P E C I A L  CASE I F  MUE = 0 
I F ( M U E e N E e O e D 0 )  GO TO 50 
L S  = .TRUE. 
EROC = O e D O  
EPTC = O . D O  
XC = D-DO 
X X C l  = OoDO 
RM = D e 0 0  
GO TO Sf 

50 EROC = -5DO*H 
L S  = ,FALSE. 
EPTC=YUE 
XC=MUE/MI 

I F  RUNGE-KUITA F O R ~ U L A  ORDER H G E D o  C A L L  SE 
TE NEW COEFF 
ERcEQeLORDER 

RDER =ORDER 
LL SEVRK (ORDER)  
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C 
C RETURV TO R E A D  A NE SET O F  CARDS 

GO TO 2 
C 
C 
4 

C 
C 

C 
C 

C 
C 

C 

C 
C 

5 

C 
C 
C 

C 
C 

C 
C 

C 
C 

NEW CASE - COUNT I T  AND CLOCK 
CASE=CASE+L 
C A L L  T I M L F T  ETIN) 
NCASE= W A  SE+ ]I 

W R I T E  3 U T  THE CASE CARD 
W R I T E  16035)  CASEplQ(I)pI=2olZ)s 

D P L O T  R O U T I N E  
C A L L  DDS 

SE? CUSP P O T E N T I f i L  S W I T C H E S  
CD 1 SW= C D 1 S W I 

J C D 1 = 1  
EPeS'BS LENNARD-JONEStCUSP)  SWITCH SEQT 

OUTPUT I N I T I A L  CONDHTIOMSo VELOC 
W R I T E  ( 6 9  3 6 )  ( E (  I 1  r I = l 9 5  1 9  Z( 12) o 

TRANSF3RH TRARISLAT 0 RECTANGULAR COORD 
C A L L  SCT ( Q [ l ) s Q ( 6 ) 9 Q ( l )  o Q ( 6 ) o 1 )  

STORE I N I T I A L  COMD 

P I , = a t  I )  

INITI4LPPE T ME9 S T E P  S I Z E  M A X  E Q  
R E P U L S I O N  SW TCHo S T E P  COUNTER APTURE 
COUNTER 

HMA X=Fo I 
HN=H 1 
RS= 1 
N S = O  
MSF=O 
NCAP=O 
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C 
C 

7 

C 
C 

C 
C 

C 
C 

C 
C 

C 
C 

C 
C 

C 
C 
8 

C 
C 

C 
c 

C 
C 

C 
C 

c 
c 
C 

C 
C 

C 
C 
c 

9 

LO 

PERMUTE I N T E R G R A T I O V  V & R % A B h E S  AND D E R I V A T I V E S  TO O R D f R  R e  THETWeP 
EBAfXI 9 P S I  
PSID=1f 12.) 
00 7 1(=4910 
B[=Bb-# 
Q( Ia-11 =Qi I 1 
Q f  6 )=Q t 12 1 
Q I  i l Z ) = P S I D  

I T C H  TO UNPR 

RE= I R E  

RECORD ~ N ~ T ~ A ~  VALUES FOR P L O T T I N G  
C A L L  DDR 

OUTPUT INITIAL ENERGY 
k R I T E  (69.37) I I E s I R E  

I ~ I T ~ A L I ~ E  LOLL 
cvsw=1 
CT=O, 

B E G I N  A STEP - SET S T E P  S I Z E  A 
H=HN 
TP=T 

BRANCH I F  WE ARE I N  P R I M E D  COORDINATE SYSTEM 
IF ( P C S m E Q e Z )  GO TO 9 

Y STE M e  BRANCH f\B T H I S  SYSTE 
1 1  BrnGEaCHAMGE) 

PCS=2 
P (Q(B)*QI71 v Q ( 1 ) e Q t  7 )  1 

BRANCH TO I M T E G  
GO Tfl PO 

N P R I M E D  

[8(l)pQ(7)rQeP)*Q(7)) 

Lk RUMGE-KUBTA I N V E G R A V I O M  SUBROUBHME, ORDER DF FflR 
ALREADY BEEN S P E C I F I E D ,  
CALL R K ( 8 2 p T P , H 9 Q s Q P 8 4 A C K )  
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c 
C 

11 

C 
C 

C 
C 

c 
C 

C 
C 

C 
C 

C 
C 

C 
C 
112 
C 
C 

40 
C 
C 

C 
I: 
C 
C 

13 

C 
C 

C 
C 
C 
C 
la,  

C 
c 
C 

C A L L  EUERGY R O U T I N E  AND GO PUTE ENERGY R A B l O  

RAT I 0-E  / I E 
C A L L  E % E R G Y ( E a R E * Q L %  1 )r611(3') b 

COMPUTE ERROR WAD 
E L  = D A R S [ R A T I O - R  

COMPUTE ERROR ALLOWED FOR TH 
EA = H * f T O T E R R  - Q A B S ( R A T I 0 L  

COMPUTE RATKO OF ACTUAL ERROR TO LkOWEO ERROR 
E R = E L / E A  

TURN STEP REPEAT SW 
IF (ER, GTe MAXER 1 REPEAY=eTRUEe 

BRAtVCti TO FSAXUMUIS STEP S I Z E  1 F ERROR I S  VERY S 
I F  { E R e L T e C 4 )  GO T O  21. 

COMPUTE SIZE OF NEX 
HN = H * I h s D O / E R ) * * R N  

ENTER HERE W I T H  NE 
CON r I I U E  

TRY TO PREVENT W N G U P ( E S P *  HCL) 
I F ( E L s G T a 1 e D - 6  ,OR, mNOTsREPE 
REPEAT = ,FALSE, 
C O N T I N U E  

@RANCH TO STEP F A I L U R E  SECT 
I F  ( R E P E A T )  GO TO 22 

SUCCESSFUL STEP - CLIUNT I T +  RECORD LA 
UPDATE DEPENDENT W A R I A B L E  VECTOR9 U P 0  
STEP S I Z E S 9  RECORD L A S T  R S  COMPUTE Nf 
NS=NS+L 

FORK OM C O L L I S I O N  T I M E  S 

CHECK TO SEE SSED COLL'BSIDN D I S T A N C E  OM 

ON THE WAY OUT, 

CTSW=2 
CTJL=T 
GO r0 16 

I F  SOe RECORD ET SMITCW TO SEARCH FOR COL 

I F  ( R e G T e C T D )  GO TO 1 6  

CHECK T O  Stt HF WE H A V E  P SSED C O L L I S I O N  D I S T  
I F  S 0 o  RECORD T i  E t  COMPUTE E APSED T I M E  I Y  SE 
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C 
15 

C 
C 

C 
C 

19 

18 

C 
C 
C 
19 

C 
C 
C 
20 
C 
C 

TO BYP&SS T H I S  S E C T I O N ,  
IF ( R m L T e C T D )  GO TO 16 
CTSbJ=3 
CT2=T 
C T = I C T 2 - C T 1 ) * L e E - 1 4  

RECORD EVERY BPLOT T H  P O I N T  FOR P L O T T  
I F I M O D ( N S s I P k O T ) * E Q * O )  C 

CUSP P 3 T E N T I A L  S h l I T C H  SETTBNC S E C T I O N  
GO TO i l 7 e l B s 1 9 ) s C D L S W  
IF ( R e G T a C D 1 )  GO T O  2 0  

JCD1=2  
GO TO 19 
IF ( R * L E * C D L )  GO TO 19 
CD lSW=l 
JCD1= 
GO TO 2 0  

BRANCH I F  CAPTURE C 3 N D I T I O N  HAS OCCURRED, ( A  CAPTURE HAS OCCURRED 
IF R I S  L E S S  THAN THE C O L L I S I O N  D I S B  NCE AND ES DECREASING,) 
RD= ( Q I  1 )  *GI( 9 1 +QI 2 1 +Q 8 ) + Q f  3) sQ(  9 )  I / R  
I F f [ R - L T * C D I  * A N D *  ( R D e L T e O e D O )  1 GO TO 27 

TO R E P U L S I O N  S E C T 1  
S GREATER THAN T H f  

I F  l R e S T e R P )  GO TO 24 

RETURN FOR THE NEXT STEP 
GO TO 8 

C 
c M A ~ ~ M ~ M  STEP SIZE I N C R E A S E  SECTHON 
2 HN=NA#HRsH 

GO TO 112 
C 
C 
C 
22 
23 

C 
C 
C 

URE S E C T I O N  - TURN OFF REPE SWITCH9 COUN 
N T O  REPEAT THf STEP IJMLESS EW STEP S I Z E  

REPEAT= o F A L S E  s 
N S F =PIS F 9 L 
%F(BBSISNGL(HM)),GE,HTS) GO TO 8 

COUNT9 S E T  P L O  

RATERR = A B S ( S M G k [ R ~ T I O k - % o D O ) )  
GdRITE ( 6 9 3 8 )  RATERR 
NC ASEX rYC A S E- I. 
CLRP=4 
GO TO 28 

C 
C f O R K  O’v R E P U L S I O N  SWITCH 
C 1. = R E P U S I O N  
C 2 = CAPTURE HAS ALRE 
24 GO TO ( 2 5 9 2 6 ) r R S  
C 
C R E P U S I O N  S E C T I O N  - R I T E  OUT SIGNALS9 SET PLOT C A S E  TYPE L A B F L  Skd% 
C 4ND BRANCH TO OUTPUT S E C T I O N  

2 6  
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C 
C 
C 
26 

C 
C 
C 
C 
c 
C 
C 
27 

C 
C 
C 
28 
C 
C 
C 

C 

c 
C 

C 
C 
C 

C 
C 
29 
C 
C 

C 
c 

W R I T E  (69’391 
CLRP=2 
GO TO 28 

COUNT C A S E  A S  C A P T U R f p  M R I T  
ET P L D T  CASE TYPE L A B E L  SW 
R I T E  (6,401 NCAP 
COL=VCOL+ 1 

CLRP= 
GO YO 28 

OM - C3UMT c MCH T O  CAPTURE C 
MBER OF C A P T  

A ~ ~ F O R M  TRANS 
COORDIYATESI  CHANGE S I G N  OF R D O T ( R A D I A L  L r E L 0 C I T Y ) r  ~ ~ ~ ~ S ~ O R ~  TR 
L A T I O V A L  V A R I A B L E S  B A C K  TO R E  
S W I T C H  TO XNDICAVE CAPTUREe A 

, M A X C A P )  GO TO 26 
C A L L  SCT ( 0 ( 1 ) ~ Q ( q ) , 0 ( 1 ) 1 Q 1 7 ) e 2 )  
Q17)=-3( 7 1 
C A L L  SCT f Q (  ),8(7),Q11) ~~~~~~~) 
RS=2 
GO TO 8 

OUTPUT S E C T I O N  - C A S E  IS F S N I S H E D .  
CONTlrUlUE 

UNLESS T H E R k  H A V E  B E E N  NO SUCCESSFUL STEPSe CO P U T €  AVERAGE STEP 
S I Z E  4 Y D  STORE f T  FOR I N ~ T I A L  S T E P  SIZE NEXT CASE 
I F  I M S * E Q e O )  GO TO 29 

T / D B L E I F L O A T ( N S ) )  

COMPUTE R A T I O  OF F M A L  ENERGY TO 
R A T  I O= E /  I E 



C 
C PLOT THIS CASE 

C A L L  DDP 
C 
C 

C 
C 
C 

C 
C 

C 
C 
C 

C 
C 

C 
C 

C 
C 
C 

C 
C 

C 
C 
3 
32 
33 

34 
35 

36 

3 
3 
39 
40 
4 

42 
43 

K OUT AND COMPUTE CO PUBER TPHE FOR TH 
TIMLFT ( T O U T 1  

R E A L T = ( T I M - T O U T ) / 6 0 t v  

R I T E  OUT F I ~ a ~  CON L ENERGYp E L A P S E D  
OMPUTER T I M E 9  AND 

WRITE OUT SCATTER1 
WRITE (6942) CAPV 

ME I F  C O L t I S O  
T I A L  S E P A R A T I O N  

IF ( C T D e G E m K I I  CT=T 

SCALE C O L L I S I O  T I M E  C I S T A N C E  
C T D S = C T D + l e E - 8  

COMPUTE R U N  T I M E  AND P L O T  T I M E  

T P L O T = ( T B F P - f O U f ) / 6 0 ,  
TRUN=( T I N - T B F P  1/60, 

WRITE 3 U T  C O L L I S I O N  T I M E 9  C O L L I S I O N  T I M E  D I S T A N C E 9  ~ T ~ ~ ~ A T I O ~  T 

WRITE ( 6 9 4 3 )  C T I C H D S ~ T R U N ~ T P L O T  

RETUR\I FOR ANOTHER Cas€ 
GO TO 2 

FORMAT f1Hl) 
FORMAT 
FORMAT f / / / b H  CASES? P 6 9 l l H  COL I S I O M S e I 6 9 8 H  P E R C E N T e F 6 e l / l 2 H  T O T A L  

1 O P 4 F 5 e  30 l P 6 E  lOe3/OPF% 384%. 2 1 3 1  

IL C A S E S o l 6 s l T H  T O T A L  C O L L Z S I O N S P I ~ V ~ H  PERCENTpF6*P///I 
FORMAT [ 3 A h )  
FORMAT 4 / / / / 5 H  CASE*  1533x8 5HPNPUTp 5 X p O P 4 F  O j , l P 6 D 1 2 8 3 / l P 2 % g O P F 7 9 3 %  

24x9 l H R e 8 X v 5 H V H E  T A o  9x9 3 H P H I  P 8x0 3 H E T 4 9 8 X 9 2 H X  V7X8 3 H P S I  / 1 x p  

FORMAT ~ 1 2 3 X p ~ H C ¶ ~ 6 )  
FORMAT ( 1 H s o S H F i N A L o 9 X p l H Q o 3 X 8 1 P D  2 8 O P 5 F l L s 4 p 4 X g  

Q p 3 X o l P 6 0 1 1 e Z ~  
E e  3 X  9 OPF’I e 2 p 4 X  

H R E s 2 X s  1PDILPe 2 /  
X ~ ~ ~ T ~ M ~ ~ Z X 9 ~ P D  

P 6 HV AL UE S t 7 X 9 

o 2/ 1 XP 9HCOMP 
F 9 3 X e I 5 9 4 X 9 3 H H ~  3 X  9 F8e 3 B 4 X  3 4H X I  3 X  s F 8  o 3 0 4x8 4 

~ ~ X ~ l 4 H C O ~ ~ ~ ~ ~ O ~  T 0 4x9 8HD 1 STANCE 
FORMAT ( 1 H + e B Q 6 X s 6 H C A P T  = p F 8 o 4 )  

D OPF;P,29 6 X a  9HP LOT T 
END 
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$ IdfTC J A C K  
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31 
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$ I B F T C  PTUP e 
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1 

2 

3 

4 

i 
5 

6 

7 
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8 

9 

10 

I 1  
12 

13 

14 
1 5  

16 
17 

37 



19 
LO 

L b  

2 2  
2 3  
2% 

2 5  
26 

2 7  

28 
29 
30 
3 8  

38 



39 



4 9  

5 0  

3l 
52 

5 3  

5 4  

5 5  
5 4  

5 4  

S d  

5Y 
60 

6 1  

0 2  

6.3 
bc1 
os 
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P = O  
N = ,TRUE, 

UIPrILE = *8RUk. 

W ADMAI(=HAD I b S 
SAWE COhhHSlON 
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$. 
g: 
t 

E 
C 

c 
G 
c. 

G 
G 
I: 

c 
c 
C 
C 
C 

I: 

6: 

C 
I: 

c 
e. 
63 

C 
f, 

c 
c 

no A0 d [ = b * I P  
HSAVE = B 

CALL LRCURWl  X A X ~ S % o Y A X  S X 1 2 9 2 9  SYMBOLvNEOP 
CALL CKCURWI ~ X ~ S ~ * Y A ~  S Y p 2 ~ 2 0  SYMBOLoNEOP 

PLdT HOM ONLY I F  NEAR ENOUGH 



c 

c 
Ib: 
42 
G 
G 
C 

2 0  

c 

3 

c 

33  

76 

7 

35  

80 

GOMYh K A B % U N S  
X T E S T o Y T E S T  ARE COURDS OF N E G  END 
X s Y  A R t  LOORUS OI- Pt1S €ND 
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$%RIFTC DOTS, 
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G 
C 

10 

G 

c 

c 

MAKE BLANK EXAM 
UCI 10 I=1.80 
C ALL 
C O N T I N U E  
R €TURN 

L KLUKV I 0-0 pOa 0 D O e  1 w 1 W X  o 1 s 0 

F N TR Y TE S T 
M A < €  T t S B  PATTERN 

CALL L H G R I D 4  1 p l i e O e o O s 9  
CALL L K A N G t  [-1 o 0 r l e  00-1-09 1e0A 
CALL LKCUKV 4 X I  0 Y l r 2  0 2 w SYMU 0-0) 
CALL L KCUK V A X 1  0 Y 3  u 2 e 2 e SY M w O e O 1  
CALL L K G U R V I  X k e Y Z r 2 ~ 2  Q S Y M S O ~ O )  
C N L  L R C U K V l  X 6 o Y 4 ~ 2 e 2 e S Y M s O o O )  
C ALL L R L U K V I  X 3 p  Y 2  P 2 o 2 pSYM o O * O )  
CALL LRCUHV 1 Xi? o Y 2  u 2 o 2 t SY M u I e 01 

K ETlJRiV 
ii MD 

c 
C DUMMY E M T K i E S  HI Td P U K P O S t S  AND ARGS EXPLAINt iD 
c MORE lNFO I N  NASA TM X - 1 8 6 6 I b 9 6 9 )  
G 
c 

t N K 0 U T I N k . s  D&AWS A CURVE 
T 1\8 E LIC UR V / X * Y  0 NPTS r MTVPE o SYMBOL* EOP 

c X- - ARKAY OF ABCX SSA VALUES 
C Y- - AKKAY OF U R D I N A r k  WALUES 
C NP T s-- NUMBER OF THESE VALUES 
c NTS 02=LII NES * 
c 8DLSa4=SPECI  AL SYplBLl 
c 
c I TCH**,D*O=NO END g 1 a 0 =  EMOg AOV ANGE 
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C 
i 

A FORT V program has been developed to numerically study ion - polar- 
molecule collisions. Results are obtained in the form of time history plots and motion 
pictures, as well as collision statistics. This report describes, for potential users,  the 
structure and use of the program. 

Lewis Research Center, 
National Aeronautics and Space 

land, Ohio, July 29, 
29 -02 
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MG 

The main program generates batches of random input conditions in the format ex- 
pected by the collisions program (on the Q cards). 
generator RAND/§ is also included. 

MAP listing of the random number 

nput 

Two kinds of T are used, one in the main program, the other in SUB- 
NE GENARY. They contain 

Block Variable Variable in Meaning 
main program 

/m1/ MC number of cases of random coordinates for this 
set of values 

Psw = 0, do not punch cards 

= 1, punch cards 

/KT1; where KTf is the most probable 

where KT2 is the most probable 

energy, first degree of freedom 

energy, second degree of freedom 

BETA2 = 0 for linear molecules 

BETA1 

BETA2 

/GENER/ ATE MIA 

MPB 

VA 

BA 

first moment of inertia, Il 

second moment of inertia, I2 

initial separation, ri 

initial velocity 

impact parameter, b 

routine reads the array E(42) and scans it looking for the form limitl, 
incrementl, limit2, incrementa, . . . and then generates values of uniform increment; 

50 



miti and limiti+l. It can be used to vary any or  all of the parameters M 
V& BA, in order to  study the effect of these parameters on the trajectories. 

This program generates, in a series of nested loops, the coordinates and time 
derivatives, in sets of NC! values for each set of parameter values. 

Output 

The main program prints the parameter values (in NAMELJST/OUT1/) and the 
random coordinates. Optionally, the coordinates a r e  punched onto cards ) suitable for 
input to the collision program) and the number of cards is printed (in NAMELIST/OUT2/). 
The coordinates are stored as follows: 

Mathematical name Stored in generator Stored in collision 
program in- program in- 

R 

8 

17 

5 
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Listings 

The following is a complete listing of the main program, subroutine GENARY, and 
sub r out ine /SAND: 

$ I d F T L  hANIT 
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